ABSTRACT: Temperature is a key parameter in physiological processes, and probes able to detect small changes in local temperature are necessary for accurate and quantitative physical descriptions of cellular events. Several have recently emerged that offer excellent temperature sensitivity, spatial resolution, or cellular compatibility, but it has been challenging to realize all of these properties in a single construct. Here, we introduce a luminescent nanocrystal-based sensor that achieves this with a 2.4% change/°C ratiometric response over physiological temperatures in aqueous buffers, with a precision of at least 0.2°C
T emperature pervades our description of even the most basic of physical, chemical, and biological phenomena. Carrying out thermometry with greater precision, 1 under difficult experimental circumstances, 2 in a nonperturbative manner 3 or at extreme length scales 4 continues to drive innovation in both materials and instrumentation. A particularly compelling system to investigate that encompasses the breadth of these difficulties is the interior of a live cell. Here, exceptionally precise measurements may be required to discern subtle temperature inhomogeneities within the cell and to relate their dynamics. Small variationseven in seemingly homothermic cellsare likely to affect cellular events, including diffusion, protein folding, or enzyme catalysis. Quantification of local temperature transients in the cytosol nevertheless remains elusive.
Luminescent temperature-sensitive materials offer a promising avenue for thermometry in live cells in that their intensity or decay lifetime can relate temperature if properly calibrated. Temperature-dependent luminescent probes based on organic dyes and polymers, while synthetically accessible, generally display poor photostability and pronounced cross-sensitivity to oxygen, which is undesirable for live cell work.
5 Thermometric fluorescent proteins 6 have also been investigated and are biocompatible; however, there is a strong pH dependence on the lifetime of the fluorophore, which makes it difficult to use without simultaneously measuring the pH of the environment being surveyed. Nanothermometers based on both pure and doped semiconductor nanocrystals have been recently reported.
7 Impressive temperature sensitivity in buffer was demonstrated, although their cytosolic compatibility remains untested. Luminescent nanophosphors have likewise been deployed as vesicle-bound temperature probes in cells, although their sensitivity is limited in the normal physiological range.
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The outstanding challenge faced by luminescent thermometers is concomitant realization of brightness, photostability, sensitivity, and precision at T = 20−40°C when probing subcellular microenvironments.
We show here that hybrid nanomaterials based on polymerwrapped CdSe−CdS quantum dot−quantum rod (QD−QRs) functionalized with temperature-responsive cyanine dyes address these issues in a single construct and exhibit enhanced thermometric response and sensitivity when translocated to the cytosol. By modeling optical changes in the nanocrystals components as a function of temperature, we find that response of this construct is also well explained by the change in quantum yield of the CdSe−CdS QD−QRs versus the cyanine dye and the red shift in QD−QR emission with increasing temperature.
The molecular design of dual-emitting ratiometric nanothermometers (NanoTs) features a red-emitting CdSe−CdS QD−QR semiconductor nanocrystal heterostructure passivated with an amphiphilic polymer shell, to which is appended far-red emitting cyanine dyes (Scheme 1). QD−QRs have giant extinction coefficients 9 owing to their CdS shells, and bright temperature-responsive luminescence due to well-behaved shifts in their bandgap ( Figure S2 ). Cyanine dyes 10 (e.g., Alexa Fluor 647), on the other hand, show temperaturedependent fluorescence quantum yields but no wavelength shifts ( Figure S3 ). Together, they constitute FRET pairs with thermoresponsive character ideal for ratiometric imaging: their internally calibrated, strong optical read-out should translate to more reliable and precise temperature measurements in cells than is possible otherwise using conventional FRET donors like quantum dots, which are at least an order of magnitude less bright than QD−QRs. We synthesized red-emitting CdSe−CdS QD−QRs using an automated nanocrystal synthesis robot 11 (Symyx Technologies), with 4-nm diameter CdSe cores used to seed the epitaxial growth of CdS rods (see Supporting Information). The absorption peak of the first exciton was observed at 613 nm, with an emission maximum at 617 nm and a photoluminescence quantum yield (Φ QD−QR ) of 0.74. TEM revealed an aspect ratio of ∼5:1 ( Figure S1 ). QD−QRs were transferred into water using a poly(acrylic acid)-based amphiphilic random copolymer displaying an optimized ratio of hydrophobic alkyl chains, carboxylic acids, and alkylamines (Scheme 1). Polymerwrapped QD−QRs (Φ QD−QR = 0.70) were ∼20 nm in average hydrodynamic diameter after purification by size exclusion chromatography ( Figure S2 ).
QD−QRs were labeled with temperature-responsive Alexa-647 dyes, ∼9−12 per QD−QR depending on the batch, to give the final hybrid nanothermometer construct (diameter = 23 nm, Figure S2 ). Upon labeling, the emission of the QD−QRs in the NanoTs was substantially reduced due to FRET ( Figure  S5 ), with energy transfer efficiencies (E m ) range of 75−90%, depending on the number of dyes (m) per QD−QR. For NanoTs with m = 9 and E m = 89%, we calculated the Forster radius (R o ) as 7.3 nm. The average separation between the donor and acceptors was determined to be ∼7.5 nm (see Supporting Information). This separation is consistent with the native ligand shell persisting in the final material, the additional 3−4 nm afforded by the polymer wrapping, and the aliphatic linker from the Alexa-647 dye to the polymer. We also noted that the emission intensity of the Alexa-647 dye was ∼20% from what would be expected with 89% energy transfer from the QD−QR and the quantum yield of unbound Alexa-647 in solution (Φ A647 = 0.33); this decrease likely arises from an increase in the nonradiative decay for Alexa-647 when tethered to the QD−QR.
Both QD−QRs and Alexa-647 dyes show temperature dependent emission upon direct excitation ( Figure S3 ). In the case of QD−QRs, the temperature-dependent shift of the emission maximum to longer wavelengths (Δλ em = 2 nm for T = 20−40°C) is accompanied by modest decrease in Φ QD−QR (Φ QD−QR = 0.65 at T = 40°C). These changes are fully reversible in aqueous buffer over the temperature range examined, indicating that the polymer-wrapped QD−QRs do not undergo any photodecomposition in the process and suggesting that the temperature dependence of the optical properties can be therefore ascribed to changes in the band gap with increasing temperature. Similar behavior as described by the Varshni equation has been observed in related core−shell heterostructures.
12 For Alexa-647, the emission substantially decreases from T = 20−40°C (Φ A647 = 0.20 at T = 40°C). The extended polyene bridge between the indolium groups is susceptible to molecular rotation. At higher temperatures, the greater frequency of this 'wagging' of the polyene bridge decreases the fluorescence quantum yield but does not shift the emission maximum 10c,d ( Figure S3 ). FRET-enabled hybrid NanoTs exhibited a highly sensitive temperature response in the physiological range (T = 20−40°C
) upon excitation at λ ex = 400 nm ( Figure 1A) . As was the case for the individual luminescent species, a slight shift in emission wavelength from the QD−QR was observed, as was a decrease in intensity; for the Alexa-647, only a decrease in the emission intensity was evident. To calibrate the temperatureresponsive dual emission of the NanoTs, we selected the region near the band edge of the QD−QR (I 630−640 ) where the integrated intensity undergoes a small change along with the region where Alexa-647 is most temperature responsive (I 664−674 ). The calculated and observed ratiometric responses, R = I 630−640 /I 664−674 , for T = 20−40°C in 5°C increments is shown in Figure 1B for 3 cycles of heating and cooling, where each measurement is taken 3 times at a given temperature following a 10 min equilibration period. The data indicate that hysteresis is negligible and that the constructs are photostable for the duration of the 5 h experiment. Over a more focused temperature range of T = 20−25°C in 1°C increments ( Figure  1D ), the pseudolinear ratiometric response showcased the sensitivity of the NanoTs at ∼2.4%/°C. The precision with which these optical measurements relate temperature was at least 0.2°C ( Figure S6 ), a value limited by the precision of the Peltier temperature controller used in these experiments and comparable to other nanocrystal-based optical thermometers.
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This capability is essential given recent work showing subcellular inhomogeneities of or below 1°C, for example, near mitochondria. 5a We modeled the NanoT temperature response from T = 20−40°C as a weighted sum of the QD−QR and Alexa-647 emission spectra at that same temperature (see Supporting Information). Experimentally determined inputs into this model included the temperature dependent QD−QR and Alexa-647 emission spectra ( Figure S3 ) and three parameters from the NanoT emission spectrum at T = 25°C, derived from the peak positions of the QD−QR and Alexa-647 emission and the apparent Alexa-647 quantum yield in the NanoTs. As shown in Figure 1A , this approach yielded good agreement between the predicted and observed spectra. Moreover, the values of the ratiometric response R calculated from the predicted spectra recapitulate the temperature dependence observed for the NanoTs ( Figure 1B) . The temperaturedependence of R reflects contributions from Φ QD−QR /Φ A647 (Q), the degree of energy transfer (E), and the QD−QR emission red-shift (S) (see Supporting Information). This analysis shows that the increase in R with temperature reflects nearly similar contributions from the dramatic decrease in Φ A647 relative to Φ QD−QR and from the gradual red-shift of the QD−QR emission, and that the calculated energy transfer efficiency is essentially constant ( Figure 1C) .
Given the sensitivity, precision, and well-behaved optical response of the NanoTs over 20−40°C in aqueous buffers, we introduced them into cells as local optical thermometers. We recently reported a strategy to translocate nanocrystals to the cytosol using pH-responsive cationic polymer colloids, 13 to which the probes are conveniently adsorbed via complementary electrostatic interactions. With these unusual materials, it is possible to leverage the low pH of late endosomes to increase the volume of the colloid ∼30-fold, which disrupts the confining membrane and leads to cytosolic delivery of the nanocrystals. To determine whether these colloids could mediate NanoT delivery into live cells, we incubated either human epithelial cells or mouse fibroblasts with NanoTs adsorbed onto the colloids and quantified the labeling efficiency using flow cytometry (Figure 2) . With HeLa cells, unmediated delivery of NanoTs did not proceed efficiently as evidenced by the insignificant signal above background compared to untreated cells. In contrast, vector-mediated delivery by the cationic polymer colloid afforded a geometric mean photoluminescence intensity (PL) ∼20-fold above background. Similar enhancement in the delivery using the cationic polymer colloids was observed with NIH 3T3 cells. This endothelial cell line recycles membrane constituents more rapidly than HeLa cells; thus, in the unmediated delivery, some signal above background could be observed (2.8-fold). Nevertheless, a dramatic increase in the labeling efficiency (>200-fold) was recorded for the vector-mediated process, pointing to the unique opportunity of these pH-responsive polymer colloids to enable cytosolic, live cell thermometry with our NanoTs.
Having determined a method for their introduction into cells, we next sought to determine how the NanoTs behaved within the cytosol. The optical response of the NanoTs inside HeLa cells was recorded at both T = 20 and 25°C, and the ratiometric response calculated as before and compared to the response in buffer (Figure 3 ). We noted that both the absolute value of the ratiometric response and the magnitude of its modulation at higher temperature were enhanced compared to experiments taken in aqueous buffers. This unexpected phenomenon in optical response inside cells may involve a specific response of the dyes to cytosolic constituents.
10c−e Given the extent of QD−QR quenching by appended Alexa-647 dyes is lower in cells than in buffers suggests several possible explanations: either the cyanine dye is degrading in the cell, or its average distance to the QD−QR increases once in the cytosol. The former can be rationalized by the presence of endogenous thiols in the cytosol, which have been shown to photoreversibly react with the polyene bridge, 10c while the later may be due to a protein corona 14 forming at the surface of the NanoT. With respect to the enhanced intracellular temperature sensitivity of the Alexa-647 emission, cytosolic viscosity may be responsible, in particular because neither Alexa-647 or polymerwrapped QD−QRs exhibit solvatochromism. 15 The dramatic differences between cellular and cuvette measurements highlight the importance of calibrating probes within a cell, rather than using buffer as a proxy for the cytosol. Future work in establishing these metrics for different cell types is a critical next step for using NanoTs in cell-based assays.
We have described here the synthesis, characterization, and modeling of dual-emitting ratiometric optical nanothermometers, whose response and sensitivity is unexpectedly enhanced when delivered to the cytosol of live cells. As such, the results presented here seed new avenues of research in the biophysical and biomedical sciences; sensitive optical nanocrystal-based probes that are able to detect subtle changes in temperature in the cytosol of live cells are ideally suited for fundamental explorations into subcellular thermometry and thermogenesis. They should also find use in quantitative high-throughput optical screens of new drug candidates for treating metabolic disorders such as obesity. 
